Abstract 17β-Estradiol (E2) and 17α-ethinyl estradiol (EE2), which are environmental estrogens, have been determined with LC-MS in freshwater. Their sensitive analysis needs derivatization and therefore is very hard to achieve in multiresidue screening. We analyzed samples from all the large and some small rivers (River Danube, Drava, Mur, Sava, Tisza, and Zala) of the Carpathian Basin and from Lake Balaton. Freshwater was extracted on solid phase and derivatized using dansyl chloride. Separation was performed on a Kinetex XB-C18 column. Detection was achieved with a benchtop orbitrap mass spectrometer using targeted MS analysis for quantification. Limits of quantification were 0.05 ng/L (MS1) and 0.1 ng/L (MS/MS) for E2, and 0.001 ng/L (MS1) and 0.2 ng/L (MS/MS) for EE2. River samples contained n.d.-5.2 ng/L E2 and n.d.-0.68 ng/L EE2. Average levels of E2 and EE2 were 0.61 and 0.084 ng/L, respectively, in rivers, water courses, and Lake Balaton together, but not counting city canal water. EE2 was less abundant, but it was still present in almost all of the samples. In beach water samples from Lake Balaton, we measured 0.076-0.233 E2 and n.d.-0.133 EE2. A relative high amount of EE2 was found in river Zala (0.68 ng/ L) and in Hévíz-Páhoki canal (0.52 ng/L), which are both in the catchment area of Lake Balaton (Hungary).
Introduction
Hormones with estrogenic functions are subjects of intensive research continuously. β-Estradiol (E2) is an endogenous steroid hormone present in both human and animal tissues and body liquids (James 2011; Ketha et al. 2015) . E2 is the most potent natural estrogen. Ethinyl estradiol (EE2) is a synthetic analogue of E2, and it has an intensive human therapeutic usage. EE2 is a component in many frequently used contraceptives (Robles 2010; Shinichi Miyagawa 2016) . Domestic effluents and livestock waste excrete a considerable amount of hormones in addition to agriculture runoffs and industrial sources. The excreted urine contains a large part of the hormones in the form of sulfate and glucuronide conjugates, but the bacterium Escherichia coli in wastewater is able to deconjugate these metabolites due to its β-glucuronidase and sulfatase activity (Aris et al. 2014; Costa et al. 2010 ). E2, EE2, and their water-soluble sulfate and glucuronide metabolites enter natural streams, rivers, and lakes mainly through cleaned wastewater. There are feasible cleaning methods for these compounds, but the generally used threestep cleaning method in waste water treatment plants cannot Responsible editor: Ester Heath Highlights: Method is proposed for simultaneous determination of 17β-estradiol and 17α-ethinyl estradiol. Derivatization is necessary to reach low LOQ. Low nanograms per liter presence of estrogens in selected European Rivers has been detected.
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The online version of this article (doi:10.1007/s11356-016-6276-2) contains supplementary material, which is available to authorized users. eliminate them totally (Kim et al. 2015) . Consequently, an unquantified load of estrogens is released into the aquatic environment, where it can be absorbed by sediment and persists for long periods or it is taken up by aquatic biota (Matozzo et al. 2008) . E2 is principally a vertebrate hormone, although it was detected in some invertebrates, such as mollusks. Many aquatic species express estrogen receptors. Some species are known to have mechanisms, which allow them to maintain their endogenous hormonal levels in the case of exogenous E2 exposure (Janer et al. 2005) , but a wide range of species are very sensitive to steroid contaminants (Bhandari et al. 2015; Huang et al. 2015) . Bioaccumulation and biotransformation of xenoestrogens, their effects on individual development, and alterations in adult behaviors have been reported earlier (Bhandari et al. 2015; Huang et al. 2015; Liu et al. 2011a; Yan et al. 2012) . Increased hepatic-somatic index and decreased gonadosomatic index have been described in E2-and EE2-treated fish. That suggests that molecular changes appear in the whole body of treated fish. Changes are described in the liver, kidneys, and in the brain of two species: in silver catfish (Bagrus filamentosus) and in zebrafish (Danio rerio) (Costa et al. 2010; Martyniuk et al. 2007 ). The immune system and the mortality of leukocytes of fishes can also be affected (Bado-Nilles et al. 2014) . The most used indicator of exposure of exogenous estrogens in aquatic species is plasma vitellogenin. EE2 frequently induces vitellogenin production and affects anxiety and shoaling behavior in adult male zebrafish ) and induces anxiogenic behavior in guppies (Poecilia reticulata) . The exposure to mixtures of E2 and EE2 affects sperm motility, fertilization, embryo survival, and larval survival even at relevant environmental concentrations in pejerrey fish (Odontesthes bonariensis) (Garriz et al. 2015) . Bioaccumulations of E2 and EE2, their effects on individual development, and alterations in behaviors have also been reported (Bhandari et al. 2015; Huang et al. 2015; Yan et al. 2012) .
Considering their diverse role in the regulation of endogenous processes, quantitation of these two chemicals is very useful not only in the clinical assessment but also in environmental investigations (Aris et al. 2014 ). In the European Union, pharmaceuticals authorization procedures include Commission directives, which contain a requirement to develop a strategic approach to the pollution of water by pharmaceutical substances. E2 and EE2 were newly added to the EU watch list of emerging pollutants in 2013 (Directive 2013/39/ EU) (European Parliament 2013). They were also included in EU Commission Implementing Decision 2015/495 (European Parliament 2015) in which a watch list of substances has been established for Union-wide monitoring in the field of water policy pursuant to earlier Directive 2008/105/EC (European Parliament 2008) . Pharmaceuticals on the watch list are not on the EU priority list of environmental pollutants, but they can be added to it in the future.
There are several ways to analyze these pollutants (LaFleur and Schug 2011) . Depending on the aim of the study and their opportunities, analysts use GC-MS (Liu et al. 2009 ), LC-MS (Abhishek Gandhi 2015; Ke et al. 2014; Skotnicka-Pitak et al. 2008 ) and immunoassays (Franke et al. 2011; Moraes et al. 2015; Tan and Wei 2015) , but chromatographic-based methods with UV-VIS, fluorescence, or electrochemical detection are also available (Popescu et al. 2008; Xu et al. 2013; Zou et al. 2014) . Estrogenic activity can be determined by biological monitoring approaches. There are in situ and in vivo bioassays, which can be used as screening methods to estimate total estrogenic activity of mixtures of compounds that act through the same mode of action. In vitro assays are also available and broadly used to evaluate the estrogenic activity in wastewater or other water samples (Jarosova et al. 2014 ). In the field of environmental analysis and especially in the case of E2 and EE2, mass spectrometric methods with derivatization are considered to be the most sensitive and specific methods. MS methods measuring E2 or EE2 without derivatization can rather be applied in the clinical assessment only, where samples contain high concentrations, and are difficult to use in environmental studies. Full MS and targeted MS/MS methods without derivatization, which are generally used in environmental monitoring applications, detect 40-100 or even more target compounds. These screening methods, however, often do not include or cannot detect E2 and EE2 due to poor detection limits (Chitescu et al. 2015; Kuster et al. 2008; Liu et al. 2011b; Loos et al. 2010) . Evaluation of derivatives of estrogens makes positive mode electrospray ionization (ESI) mass spectrometric detection possible and improves generally the sensitivity of MS methods (Anari et al. 2002; Xu and Spink 2008) . A novel comparison of several derivatization methods for the determination of E2 using standard solutions was recently published (Li and Franke 2015) . We applied dansyl chloride (DSCl) derivatization in our method because it was found to be very sensitive and DSCl is approximately 10-fold cheaper than 1-methylimidazole-2-sulfonyl chloride, which produced the lowest limit of detection in the comparison. Our own chromatographic method with mass spectrometric detection has been developed, and it was applied in the field of environmental analysis. We collected samples in Slovenia and in Hungary, from Lake Balaton, from six Central-European river (Danube, Drava, Mur, Sava, Tisza, and Zala), from smaller watercourses, and from a city canal in the urbanized area of the city of Pécs ( Supplementary Fig. 1 ). In order to provide supplementary information of our methodology, results have been quantified and are presented both based only on MS1 peak areas and from peak areas of MS/MS transitions also. Measured concentrations in the text are MS1 values, and results of MS/MS processing are presented in the tables (Table 1 and Table 2 ) only.
Rationale and aims
Our aim was to develop a specific and selective LC-MS method for the determination of the most potent natural estrogen, E2, and probably the most used synthetic estrogen, EE2. We were also determined to measure these endocrine disrupting compounds (EDCs) in Lake Balaton and in Central European rivers because there is very limited data published about the occurrence of EE2 in the Carpathian basin (Aris et al. 2014) . As EDCs in waters can not only occur in dissolved form (Andrasi et al. 2013; Faludi et al. 2015) but associate with suspended particles also, we decided to measure the dissolved and suspended phases separately as well. In order to investigate this phenomenon, we have chosen an urban canal water sample and several freshwater samples and measured separately the estrogen content of their suspended and dissolved phase.
Experimental Materials and standards
Estrogen standards (E2, EE2) and acetone (HPLC grade) were purchased from Sigma-Aldrich (Budapest, Hungary). Acetonitrile, distilled water, and methanol were of LC-MS grade, all ordered from VWR (Debrecen, Hungary). Formic acid was obtained from LGC Standards (Wesel, Germany). Tert-butyl methyl ether (TBME), HPLC grade was purchased from Scharlab (Debrecen, Hungary). Glass microfiber filters (45 μm) were obtained from Whatman (Maidstone, UK). Strata C18-E SPE cartridges (55 μm, 70 Å) were ordered from GenLab (Budapest, Hungary).
Stock and calibration standard solutions
Standard solutions were prepared by weighing and dissolving one estrogen at a time in methanol. Calibration standards were RSD% relative standard deviation in percent, NF not found, LOQ concentration is under the limit of quantification derivatized at eight concentrations covering the range from 0.001 to 0.1 μg/mL. Dansyl derivatization was carried out with 100 μL from each standard solution similarly to water samples.
Sample preparation
River and canal surface waters were collected in glass bottles and stored at 4°C in the dark, no longer than 24 h before being processed. Pécsi víz canal water and other samples, which have been used to determine proportionality were filtrated on glass microfiber filter before solid phase extraction, other samples were not filtrated.
Solid phase extraction
Solid phase extraction was carried out according to our previous method for progestogens with small modifications (Avar et al. 2015) . SPE cartridges were conditioned with 15 mL methanol and equilibrated with 20 mL LC-MS grade water. Then, 1000 mL of sample was loaded, the cartridge was washed with 20 mL LC-MS grade water, and analytes were eluted with 15 mL methanol. Eluted samples were concentrated to dryness first with a rotary evaporator at 35°C, and then they were dissolved in methanol (3 × 200 μL), transferred to Eppendorf tubes, and concentrated again with an Eppendorf Concentrator Plus (30°C, V-AL mode). In the case of Pécsi víz canal water, only 500 mL was extracted.
Extraction of suspended phase
The filtrate was collected from 500 mL Pécsi víz canal water (PV in the tables) or from 1000 mL river water samples (B1, D1, D5, and MU) on Whatman glass microfiber filters. Filters were dried and extracted with 15 mL TBME three times. The solvent was evaporated (rotary evaporator 35°C) and the residue was reconstituted in 100 μL methanol.
Derivatization
Dried extracts of samples and standards diluted to known concentrations and dried also were used for derivatization. 50 μL 0.2 M sodium bicarbonate (in LC-MS grade water) and 50 μL 1 mg/mL dansyl chloride (in acetone) were added to each of them. These mixtures were incubated in a thermomixer (65°C, 300 rpm) for 10 min. Then they were cooled down on ice (2 min) and transferred to the autosampler of the HPLC, which was kept at 4°C. Dansyl chloride can react with the hydroxyl groups (3-OH, 17-OH) of E2/EE2 forming quinoneimins or urethans. The m/z value of E2-DS and EE2-DS is independent of the position of dansyl derivatization, but the nucleophilic substitution of the phenolic hydroxyl group is privileged due to the electron withdrawing effect of the aromatic ring (Fig. 1) . The introduction of the basic nitrogen containing group to the estrogen molecule (E2, EE2) enhances positive mode ionization under acidic conditions through decreasing pK a of the 3-OH (after derivatization = 3-O-dansyl) group.
HPLC-MS analysis
HPLC-MS was carried out on a Q-Exactive orbitrap mass spectrometer coupled with a Dionex Ultimate 3000 UHPLC (Thermo Fisher Scientific, Bremen, Germany). Ten microliters were injected three times from each derivatized sample. Liquid chromatographic separation was performed on a Kinetex 2.6u XB-C18 100 Å HPLC column (150 × 2.1 mm) maintained at 30°C. The mobile phase consisted of solvent A (0.01 % v/v formic acid in water) and solvent B (0.01 % v/v formic acid in acetonitrile). Flow rate was set to 400 μL/min. The initial composition contained 10 % B, and it was kept constant for 1 min. Percentage of eluent B was raised to 25 in 2 min. Then it was raised further to 70 % in 2 min, then to 75 % in 10 min. After that, the column was washed and equilibrated for 15 min. The chromatographic peak of E2 was observed at 13.09-13.17 min, and EE2 was eluted at 13.66-13.73 min (Figs. 2 and 3) . Mass detection was carried out in positive mode. Spray voltage in the heated electrospray ion source was set to 4.0 kV. Capillary temperature was set to 380°C, while the probe heater temperature was 300°C. RF of the S-lenses was set to 60. Sheath and auxiliary gas flow rates were set to 60 and 20 arbitrary units, respectively. No sweep gas was applied. The energy in the higher-energy collisional induced dissociation (HCD) cell was set to 50 % by E2 and 49 % by EE2. Automatic gain control was set to 1e6 by MS1 and 2e5 by MS/MS scans. tSIM scan ranges were 506.0-506.5 and 530.0-530.5 m/z. By targeted-MS/MS scans, we applied a 0.4 m/z isolation window, and 506.24-171.10 (E2) and 530.24-171.10 (EE2) transitions (m/z) have been used.
Results

Standard curves and limits of quantification
Linear standard curves were obtained using Thermo Excalibur Quan Browser. Response was measured in area and weighting (Koal et al. 2012 ) was found to be 7.5 μg/L. LOQ for EE2 detected as m/z 295.2 (MS1) was 20 ng/L. In the case of EE2, adduct formation with formic acid was observed (m/z 341.2), LOQ 500 ng/L.
Selectivity, reproducibility, and matrix effect
Selectivity and matrix effect were tested comparing spiked and non-spiked samples. No shift in the retention time could be observed. Recoveries were measured from spiked freshwater samples. One thousand milliliters were spiked with various amounts. Recoveries were between 75 and 95 % (Supplementary Table 1 ). Blank chromatograms were achieved from 1000 mL LC-MS grade water. It was subjected to the same procedures (solid phase extraction and derivatization) as real samples (Supplementary Fig. 2 ). Intra-day and inter-day reproducibility was tested with 1000 mL spiked LC-MS grade water. The coefficients of variation were 6.04-9.94 (Supplementary Table 2 ).
Measured concentrations
Both E2 and EE2 were found in river samples. EE2 was less abundant than E2, but it was also present in almost all of the samples. N.d.-5.2 ng/L E2 (Table 1) and n.d.-0.68 ng/L EE2 (Table 2) were measured. A relatively high amount of EE2 was found in River Zala (0.68 ng/L) and in Hévíz-Páhoki canal (0.52 ng/L), which are both in the catchment area of Lake Balaton. The presence of E2 could be confirmed with MS/MS transitions in 12 out of 23 samples. The presence of EE2, due to poor (0.2 ng/L) LOQ value, could only be confirmed with MS/MS transitions at two sampling sites (Hévíz- Páhoki canal, HP; River Zala, ZA). We have measured, that 17-33 % of the total E2, but only n.d.-5 % of the total EE2 was in the suspended phase. This suggests, that E2 and EE2 is present, similarly to other steroids, in the suspended phase of freshwater, but their percentages seem to be higher in the dissolved phase ( Supplementary Fig. 3 ).
Discussion
Due to the intensive use and high demand of estrogens, the occurrence of E2 and EE2 in natural waters is a major concern (Table 3 ). According to data published between 2003 and 2013, scientists found more than 1 ng/L E2 at least at one of their sampling sites in 13 out of 18 freshwater investigations worldwide. EE2 could be detected over 1 ng/L with a 50 % chance (Aris et al. 2014) . No detectable amount of E2 and EE2 was found in surface waters at the Mediterranean Spanish coast (with LOD 0.06 and 0.02 ng/L, respectively) (Ripolles et al. 2014) . Neither E2 nor EE2 could be found in River Tiber and River Aniene (Italy, LODs = 10 ng/L) (Patrolecco et al. 2015) . In Dutch surface waters, both analytes were detected mostly under the limit of quantification (<0.1 ng/L) (Belfroid et al. 1999) . In river samples in the Paris area (France), 1.4 to 3.0 mean E2 and 1.1 to 2.9 mean EE2 were found (Cargouet et al. 2004) . Hungarian scientists reported contamination in the River Danube earlier. In 2009, E2 was found neither in local WWTP effluents nor in River Danube (LOD = 8.6 ng/L) (Sebők et al. 2009 ), but there were n.d.-0.45 ng/L E2 and n.d.-1.16 ng/L EE2 found at nearby locations in 2011-2012. This study used derivatization in order to improve sensitivity (LODs not available), and the occurrence in the suspended phase was also studied. In that phase of Danube water, n.d.-0.46 ng/L EE2 and no E2 was detected (Andrási et al. 2013) . Changing amount of E2 (low ng/L, only graphical data available) and no EE2 was detected in the Yangtze Estuary (China), where their occurrence was followed over four seasons (Nie et al. 2015) . In rivers of the UK, 1 ng/L to almost 50 ng/L E2 was measured and EE2 could also be detected, but not quantified (Desbrow et al. 1998) . Later, in 2003 in River Nene and River Lea (UK), 0.9 ng/L mean E2 and 0.7 ng/L mean EE2 were measured (Williams et al. 2003) . Moreover, 0.15 to 3.6 ng/L E2 and 0.1 to 5.1 ng/L EE2 were found in German rivers in 2001 (Kuch and Ballschmiter 2001) . In 2010, 1.1 ng/L mean E2 and no EE2 (LOD = 0.14 ng/L) were found in the Ebro basin on the Iberian Peninsula (Gorga et al. 2013) . High concentrations have been found in the Klang Valley in Malaysia (average E2 = 20 ng/L) (Ismail Ahmad 2007), in Venice lagoon (175 ng/L E2 and 34 ng/L EE2) (Pojana et al. 2007) , and in the Piracicaba River in Brazil (137 and 194 ng/L) (Torres et al. 2015) .
EU regulation has put these compounds on the watch list of emerging pollutants 2 years ago, and this year (2015), maximum acceptable method detection limits have been established for them. These limits are 0.035 ng/L for EE2 and 0.4 ng/L for E2 (European Parliament 2015) . These contaminants in an average equipped laboratory using multiresidue analysis without derivatization can only be determined with poor LOQ values (Liu et al. 2011b; Loos et al. 2010; Ripolles et al. 2014 ). Our methodology with dansyl derivatization is cheap, quick, and simple enough to be considered for use in monitoring studies in the future. The use of 1-methylimidazole-2-sulfonyl adducts may be another possibility, but it must be tested (Li and Franke 2015) . Compared to the international dataset, E2 and EE2 contamination in rivers of the Carpathian basin is generally moderate. In our opinion, EE2 contamination could significantly affect the endocrine systems of aquatic species over the concentration of 1 ng/L (Aris et al. 2014; Robinson and Hellou 2009) . Considering the activity of E2, environmental risk limit should be defined approximately over 10 ng/L. If we accept these limits, even the concentrations measured in rivers at capital cities (3.0 ng/L E2 and 0.1 ng/L EE2 at Budapest and 5.2 ng/L E2 at Ljubljana) seem to be tolerable. Though it must be taken into account that very limited data is available, that concentrations can raise dramatically if passage flow decreases, and that most toxicological experiments are achieved during a few weeks or months, long-term effects are very hard to discover. Furthermore, this low level presence of E2 and EE2 in natural waters is just a small contribution to the overall estrogenicity of waters (Wise et al. 2011 ), which at its actual level can cause local problems in the wildlife but probably means minimal risk to public health.
